Abstract: In this study, six different periods of digital terrain model (DTM) data obtained from various flight vehicles by using the techniques of aerial photogrammetry, airborne LiDAR (ALS), and unmanned aerial vehicles (UAV) were adopted to discuss the errors and applications of these techniques. Error estimation provides critical information for DTM data users. This study conducted error estimation from the perspective of general users for mountain/forest areas with poor traffic accessibility using limited information, including error reports obtained from the data generation process and comparison errors of terrain elevations. Our results suggested that the precision of the DTM data generated in this work using different aircrafts and generation techniques is suitable for landslide analysis. Especially in mountainous and densely vegetated areas, data generated by ALS can be used as a benchmark to solve the problem of insufficient control points. Based on DEM differencing of multiple periods, this study suggests that sediment delivery rate decreased each year and was affected by heavy rainfall during each period for the Meiyuan Shan landslide area. Multi-period aerial photogrammetry and ALS can be effectively applied after the landslide disaster for monitoring the terrain changes of the downstream river channel and their potential impacts.
Introduction
Multi-source, multi-period DTM data are not only a critical tool for research on the mechanism of landslides, but also considered as greatly useful information regarding active faults, earthquake disasters [1] [2] [3] [4] , and flooding/river bank erosion [5] . When it comes to the comparison of this type of terrain information, error estimation of data obtained in various periods using various techniques becomes crucial. Almost every technology, including theodolites, GPS, photogrammetry, InSAR, airborne LiDAR (ALS), and ground LiDAR, has its application ranges and restrictions in terms of spatial and time scales when employed to obtain 3-D terrain data [6, 7] . By comparing the information with various precision and resolution methods that are collected during different periods, these multi-method, multi-period data of digital terrain models (DTM) have been used in landslide mechanism-related research [8] , observations of surficial activity [9] [10] [11] , landslide volume calculations [12] [13] [14] , and volume variation estimations [15] , as well as disaster scale assessment and simulation [16] .
Most of the previous comparative studies on multi-period DTM data have adopted ground control points, e.g., the discussion of landslide and river terrain variation by comparing the DTM data from ground measurements and those from aerial photogrammetry and ALS measurements [10, [17] [18] [19] , analysis of river terrain variation and slope earthflows by contrasting between two-period [20, 21] or three-period [22] ALS data and ground measurement data, evaluation of earthflow terrain variation using airborne and ground LiDAR data, and error assessment of these two techniques [23] , using InSAR-derived DTM to discuss terrain changes before and after the landslide event [7] , and error assessment based on the two LiDAR datasets of Taiwan [24] . All of these studies mentioned above were conducted based on accessible ground measurement points. However, difficulties associated with ground measurements might occur if the target areas were located on high and steep mountains or densely vegetated areas, which could potentially affect the assessment of errors. Moreover, Tseng et al. calculated errors based on the undisturbed areas [25] and regarded the standard deviation of distribution of elevation difference as the average difference and error range of the two-period digital elevation model (DEM), respectively. Such an assessment method tended to be affected by the selected undisturbed areas. Hence, data obtained using different DTM generating techniques under various terrains or landscapes could lead to varied errors, which would eventually impact the rationality of the subsequent analysis or assessment.
Due to the highly unpredictable feature of landslide incidents, few practically measured landslide volume values exist. Most research work conducted in the past evaluated slide volume by measuring the landslide area on the obtained image and then estimating the average depth [26] [27] [28] . However, the certainty of landslide depth is often difficult to evaluate due to the lack of terrain information before the disaster, which would affect the accuracy of landslide volume estimation. As a result, there also exist a number of studies where statistical/empirical equations, i.e., relations between area and volume derived by compiling a large quantity of landslide cases, are used to approximate the potential landslide volume based on a certain landslide area. Nevertheless, this type of method is also restricted by various factors such as area features, landslide type, slope morphology, and rock properties [29] . With the development of DTM data, it has become feasible to adopt various techniques such as photogrammetry, ALS, and ground LiDAR, along with multi-period terrain information to calculate landslide volume [10, [12] [13] [14] [15] [16] 19] . This work used the multi-period aerial photogrammetry, UAV, and ALS techniques to explore the application of data generated from different techniques in DEM differencing analysis after landslide hazards, as well as to calculate the earthflow volume produced by massive landslides. Specifically, through error assessment of multi-source, multi-period DTM data obtained from a densely-vegetated mountain area, this research attempted to examine the applicability of various techniques in massive landslides under such terrain conditions. The landslide volume and the subsequent volume variation were also calculated using DTM data from multiple periods. This research enables researchers who apply multi-period DEMs to know more about the characters, activities, and potential effects of landslides and, thereby, offering effective guidance on the assessment of landslide hazards.
Materials and Methods

Study Area
In 2008, Taiwan region was struck by the massive rainfall brought by Typhoon Sinlaku. The mountainous area in Central Taiwan received over 1000 mm of rainfall, with a maximum accumulated precipitation of more than 1600 mm [29] , which caused severe geological hazards in this area. The restaurant buildings in the Lushan hot spring area in Nantou County collapsed and the Houfeng Bridge in Taichung City was damaged by floods [30] . The Meiyuan Shan landslides ( Figure 1 ) occurred near Ren'ai Township, in Nantou County in Central Taiwan, near Huisun Experimental Forest Station, within the river basin of Meitangan River of the Beigang River system. The significantly heavy rain brought by Typhoon Sinlaku on 14-15 September 2008 caused the rain gauge at the Qingliu station to reach 761 mm. As a result, a large-scale landslide with an area of about 0.9 km 2 occurred on the southeastern slope of Meiyuan Shan (1785 m), which led to a large landslide. Subsequently, the large body of rocks and sediments propagated downstream with water, depositing at the confluence of the Beigang and Meitangan Rivers (Figure 2 ). The base of the Tou 80 County Road and the slope next to the camping area within the Huisun Experimental Forest Station were seriously hollowed out, and the collapsed sediments congested the Meitangan River, forming a landslide dam. The main geomorphological features of this area (marked by the blue boundary in Figure 1 ) are described here:
‚
Ridges stretch from Baxianshan in the northeast to Meiyuan shan in the southwest, with the dominant southeast slope aspect; ‚ The flow of the Meitangan River system is naturally bounded by the ridge boundaries, i.e., flowing from the northeast toward the southwest and then converging into the major river in this area, the Beigang River;
‚ In addition to the Huisun Experimental Forest Station, villages such as Qingliu, Chungyuan, and Meiyuan are all located along the bank of the Beigang River.
‚ While these villages can communicate with the outside area through the county road, the study area cannot be reached through any roads other than walking in the countercurrent direction.
Near the study area, there is a rain gauge station close to Qingliu Village set by the Central Weather Bureau and a flowmeter set by the Water Resource Agency, Ministry of Economic Affairs can also be found downstream (Figure 1 ). The data from the rain gauge station and the flow monitoring station during 2005 to 2013 are shown in Figure 3 .
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Geological Setting
This area is part of the Hsueshan Range zone in terms of geological setting. The exposure strata of its adjacent areas contain the Tachien Sandstone, Chiayang Formation, Paileng Formation, Shuichangliu Formation, terrace deposits, and lateritic terrace deposits (Figure 1 ). The study area was mainly in the range of the Paileng Formation, with exposure rocks of white or grey, fine or coarse quartzitic sandstone, and interbedding of grey dense sandstone and dark grey argillite or slate. With high rock strength and weather resistance, this type of sandstone is a major feature of the main northeast-southwest ridge in this area, forming the above-mentioned dip slope terrain. The main geological structures in this area are the Meiyuan Fault and the Guandaosan Fault. The Meiyuan Fault stretches from northeast to southwest, coincidently passing through the confluence of the Yangan River and the Beigang River within the study area. It is an eastwardly tilted, high-angle thrust fault, located west of the study area. The Guandaosan Fault lays southeast of the Meiyuan Fault, running almost south to north. It is also an eastwardly tilted, high-angle thrust fault, with the Paileng Formation to its west and the Tachien Sandstone and slate of Chiayang Formation to its east. It also shows the alluvial fan generated by rock slides and debris flows. The Meitangan River feeds into the Beigang River, the main river in this area, which is shown at the right side of this image. The right image, a view from the east of the Meiyuan Shan landslide, displays the relatively smooth surface of the zone of depletion revealed after the landslide. A large body of rock and sediments can still be clearly observed at the foot of the slope. 
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Aerial Photogrammetry
Aerial photogrammetry is one of the commonly adopted techniques for obtaining 3-D terrain information, which can be used to generate DTM data from aerial images through digital photogrammetry. It is often employed in studies of landslide geomorphology. In most cases, complete DTM data prior to the landslide event are not necessarily available. In a situation like this, however, historical aerial images can be used to generate DTM through digital aerial photogrammetry. The Aerial Survey Office, Forest Bureau (ASO), has conducted aerial photography for Taiwan forests on a regular basis, the images obtained from which could be used as orthoimage and DTM data before landslide events for analysis. Each photo had to be checked for factors, such as cloud content and the existence of fog to ensure the image quality for subsequent processing. Photos would not be usable with blurry images, fog, excessive shadows, or clouds (shadows). 
‚
After appropriate aerial images were chosen and aerotriangulation mapping was done, models based on the accurate parameters of exterior orientation of every image and superimposition of high-precision GPS coordinates were made.
When conducting aerotriangulation adjustment, the 15 ground control points were also taken into consideration to improve the accuracy of the parameters of exterior orientation. The control point errors of three data sets after aerotriangulation adjustment are shown in Table 1 . The distribution of the 15 ground control points are shown in Figure 1 .
‚ Then stereo image pairs, DTM, as well as orthoimages, could eventually be generated. The resolutions of orthoimages and DTM were 25 cm and 2 m, respectively. Unmanned aerial vehicles (UAV) have been applied more and more widely in national defense, military affairs, and civil applications in recent years. It has also become one of the main DEM techniques due to its advantages of low operation costs, high data processing speed, low flying height, and convenient flying preparation. UAVs are an important technique in post-disaster response when it comes to a confined environment, particular terrain, or the need for consistent monitoring after disasters. For the reasons mentioned above, this study also adopted UAV techniques to survey the Meiyuan Shan landslide area in June 2013, using a fixed wing drone with a flying height of 2500-2750 m, a Canon 500D camera with a lens with focal length of 50 mm, and planned ground sample distance (GSD) of 8-19 cm. During the flight operation, 868 images were taken, which were then processed using the same method applied for aerial photogrammetry data with the Pix4D software. Thirty ground control points shown in Figure 1 were used for UAV aerial photogrammetry. The RMS of changes at control points were 0.055 m (x), 0.018 m (y), and 0.362 m (z). Resolutions of the generated orthoimage and DTM were 25 cm and 2 m, respectively.
Airborne LiDAR (ALS)
For regional wide-range topographic surveying and mapping, ALS is currently considered as the technique able to obtain terrain data with the best resolution and precision. The data used in this study were measured by the Geological Survey in August 2011 and September 2012, respectively. The former was a surveying and mapping program for DTM data over the whole island of Taiwan conducted by the Geological Survey. The program was aimed to obtain DTM data with a resolution of 1 m; that is, a point cloud with a density of 1.5 points/m 2 was expected at a monitoring height of 800 m. Flight parameters are shown in Table 2 . The latter was the repeated LiDAR DTM survey work for the Meiyuan Shan landslide, data which were assumed to be the same as the former. Flight parameters of this program are also shown in Table 2 . These two ALS datasets were processed using the same method, as given here:
‚
Data obtained from the flight operation were calculated to get information about each air route for flight strip adjustment.
Original point clouds were gained after adjustment, followed by point cloud classification.
The point clouds of these two operations were divided into four categories: ground points, non-ground points, water body points, and outlier point clouds.
‚ Then the digital surface model (DSM) and digital elevation model (DEM) were generated. The DSM represents the Earth's surface, including all objects on it. The DEM represents bare ground surface without any objects, like vegetation and buildings. The term DTM comprises both DSM and DEM in this study. The two LiDAR survey programs took aerial photos, which were used to generate orthoimages with a resolution of 25 cm. This study adopted data from both 2011 and 2012. LiDAR data of 2011 were set as the benchmark for precision assessment due to wide coverage and completeness.
For comparison purposes, the TWD 97 ground coordinate system [32] was employed for all of the data sets, and the Taiwan Vertical Datum 2001 (TWVD 2001) [33] was selected as the vertical coordinate system. 
Results
Orthoimage
This study employed orthoimages generated using various aerial photogrammetry cameras from six different periods, and the results are shown in Figure 4 . These aerial photogrammetry orthoimages show changes before and after the Meiyuan Shan landslide. Figure 4a ,b, obtained prior to the disaster, show that only occasional shallow landslides occurred on some upstream slopes. Figure 4c-f were obtained after the disaster. It can be clearly seen that, in 2008, a landslide dam was formed due to a large body of landslide rocks, and a blue waterbody existed in the river channel at the toe of the landslide. Parts of the waterbody are still visible in Figure 4d , and the area of the landslide dam has reduced to less than half, though still existing in this basin. By comparing Figures 3 and 4 it can be inferred that the landslide dam might have existed for almost four years before being damaged by the torrential rain in June 2012.
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Digital Terrain Model
This study used six periods of DTM data, which comprise both DEM and DSM data, obtained from aerial photogrammetry, ALS, and UAV techniques. All three DTM techniques can be used to generate DSM and DEM data. Since the actual ground points under plants can be scanned by the infrared laser, ALS is able to obtain the DEM data of actual ground elevation without being affected by ground vegetation [34, 35] . However, aerial photogrammetry is only able to gain the actual ground elevations of exposed areas because of the limited ability of only mapping ground elevation displayed in the images. In plant-covered areas, potential real elevations can be determined from DSM data and elevations of the exposed areas, which might produce relatively large errors. In this study, the discussed landslide area and affected river channel were both considered as exposed areas without plant coverage. Hence, DSM data were used to analyze terrain change before and after the landslide disaster. Results of this comparison are shown in Figure 5 . 
Error Estimation
Error assessment is critical information for DTM data users. Most users do not necessarily participate in the production of DTM data. When it comes to comparative analysis of DTM data, especially for those areas with terrain variation, differences of data obtained from different levels of precision would affect the results of any comparison. Most of the previous comparative studies as aforementioned in the introduction on multi-period DTM data have adopted ground control points to evaluate errors of individual DTM data sets. From the perspective of general users, this study conducted error assessments for mountain and forest areas with poor traffic accessibility using limited information, including error reports obtained from the data generation process and comparison errors of terrain elevations.
Generally speaking, users can get aerotriangulation errors and interpolation errors from the data generation process. Aerotriangulation errors are the errors in X, Y, and Z directions after the aerotriangulation adjustment, which can be obtained using survey adjustment software and calculating the difference between aerotriangulation matching points and applied ground control points, i.e., the aerotriangulation σ shown in Table 3 . Interpolation errors refer to the errors originated during interpolation, which is used to generate gridded DTM data after stereo pairs are matched. This type of error can be obtained by calculating the difference between the estimated elevation of gridded data and the actual ground elevation, as interpolation σ shown in Table 3 . These two errors then can be used to calculate the total error based on the simple error propagation theory, as shown in Equation (1) [36] . Among these periods, the gridded DTM data from 2011 and 2012 were generated based on point clouds using the ALS technique. Therefore, their total errors were achieved directly from the difference between the actual terrain measured elevation and the calculated elevation: 
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(1)
Ground control points or image characteristic points are usually assigned to those identifiable, flat, hardly-vegetated spots or characteristic points of buildings for error estimation. They can be used in terrain GPS measurements to represent the real ground elevation. However, most landslide disasters occur in areas with high mountains and forests that are rugged and hardly accessible. Hence, selection of the image characteristic points would be greatly restricted, and the representativeness of the error assessment would be affected due to the insufficiency of measurement points. The LiDAR data used in this study were from 2011 and 2012. In order to make error assessments for each period complete and representative, the 2011 DEM data were adopted as the terrain benchmark due to their wide coverage.
The elevation values at selected characteristic points of each period were mapped with the elevation values at the same points of the 2011 DEM. Then their differences were the errors [37] , as shown in Table 3 . Errors in this paper were all given in the form of root-mean-square error (RMSE), which is a commonly used error expression [38, 39] . The terrain change could be found by comparing data from different periods. Therefore, the errors between the two successive periods were also calculated using the described error relation. The results are shown in Table 4 . Table 4 . Accuracy evaluation of two terrain datasets obtained from two successive periods. 
2005-
DEM Differencing
The method of using multi-period DTM data to investigate terrain evolution has recently been applied in various studies regarding river bed sediment transport, landslide, and earthflow [16, 25, [40] [41] [42] . One of the most straightforward ways is to subtract an earlier terrain elevation from a later one. As six periods of DTM data were employed in this work, five values of terrain elevation change could be successively calculated in chronological order. Data from 2005-2007, as shown in Figure 6a , demonstrated the terrain change of this basin before the landslide disaster, whereas the other four periods, as shown in Figure 6b -e, demonstrated the terrain changes observed in each year after the disaster. Warm colors with negative values stand for a decrease in terrain elevation in these images, i.e., the occurrence of surface erosion; and cold colors with positive values represent an increase in terrain elevation, i.e., the occurrence of surface deposition. Through the color changes, the terrain evolution and sediment transportation of the river channel prior and subsequent to the landslide incident can be observed directly. Figure 6a mainly shows sediment deposition in the river channel from the upstream catchment before the landslide. Figure 6b demonstrates the terrain change before and after the incident, in which the zone of depletion of the Meiyuan Shan landslide (shown in yellow and red) is the main source of sediment and the blue area is the zone of sliding sediment deposition. Obviously in the blue area, a large body of sediments deposited from the middle of the slope all the way to the foot, creating a river blocking at the foot of the slope, which is typical for landslide terrain. Figure 6c -e illustrate sediment erosion and deposition in different areas within the landslide affected range after the incident. There was small-scale erosion in the zone of depletion after the incident, but the majority of the area did not change. Erosion was the main feature in the zone of sediment deposition, which was the main source of the sediments downstream after the disaster. Regarding the river channel range evolution after the incident, deposition, and partial erosion has happened since the disaster until the year of 2011 and elevation only changed by several meters; whereas, river channel erosion played a critical role from 2011 to 2013, and elevation changes due to river bank erosion were be more than 10 m in some parts. As for the unchanged areas, it is difficult to homogenize the DTMs from different time periods because in these areas vegetation was dominant. The DTMs from these areas tended to show differencing noises that were either resulted from tree growth, wind effects, or forest farming. For this reason, we have intentionally avoided the unchanged areas and masked them out before our landslide change analysis. As for the landslide affected areas, they are generally bare grounds and the DTMs from these areas show much better quality in comparison with those from the unchanged areas. Thus, we mainly focused on the landslide and river channel areas where vegetation was limited.
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Volume Estimation
Volume calculations were implemented in the Spatial Statistics module of ArcGIS, and a brief description is given here: Table 4 .
Volume calculations were implemented in the Spatial Statistics module of ArcGIS, and a brief description is given here:
‚
Calculate the difference between the elevation values at a characteristic point from a later DTM dataset and an earlier dataset, which could be either positive or negative.
If resolution discrepancy of DTM data exists between the two periods, the higher resolution scale should be converted to the lower one.
‚ Then the deposition volume (positive result) and erosion volume (negative result) can be calculated based on the same resolution level.
The summation of these two values is the net rock volume change over this period.
‚ Furthermore, with the calculated deposition area and erosion area and the previously obtained error value, the volume estimation error can also be gained, as shown in Table 5 [15] .
Volume change showed a positive value in 2005-2007, but it remained negative in the other four periods. This suggested that earth and rocks brought from upstream of this basin deposited in the area before the Meiyuan Shan landslide; on the other hand, the earthflow produced from the landslide became the main source of sediments in Beigang River after the disaster, as indicated by the negative sign. The volume loss reached its peak in the disaster year and has decreased every year since then. During 2007-2008, the erosion and deposition volumes were 16.7 and 12.6 million m 3 , respectively. Neglecting rock volume expansion and supplemental debris from upstream, at least 16.7 million m 3 of sediment were moved during the Meiyuan Shan landslide. 
Profiles
It is a common analytical method to discuss terrain evolution using terrain profiles. Most traditional methods generate terrain profiles by extracting elevation values passing through a straight line. However, pure line-extracting generated profiles often fail to truly represent the real terrain [43] . When generating profiles using a single straight line, the selection position is not likely to be objective, and it also might be subject to stochastic terrain or deviation. Thus, it is possible to generate misleading or incorrect information. In order to avoid or mitigate these stochastic deviations and their miscomprehension, more profile lines can be added. As a result, a profiling method that stack elevation values on parallel, equally-spaced tangents has been developed, i.e., the swath profile method. Applications of the swath profile method can often be found in the analysis of large-scale regional terrain issues, such as tectonic structures or landslides [44] [45] [46] .
To discuss terrain and river channel changes before and after the large-scale landslide incident, both conventional straight line profiling and swath profiling techniques were used in this study to generate profiles. For the conventional straight line profiling method, the starting and ending points were first selected, and elevation values between the points were calculated. A terrain profile could be eventually generated based on the distribution of elevations. The spacing between elevation values was set at the DEM resolution in this study. In addition to terrain profiles calculated using the straight line method (Figure 7) , based on artificial selection, the profiling calculation was also conducted using polyline profiles over the critical range (Figure 7) . For a swath profile, a rectangular area is usually selected as the target. Then DEM data within this rectangle are rotated so that the side to be profiled is parallel with the south to north direction. Then, the maxima, minima, average, and standard deviation of each elevation row can be calculated and drawn in profiles. The minima scenario was employed in this work to generate profiles (Figure 8) . Additionally, irregular areas were also selected to generate swath profiles. Similarly, DEM data within this irregular area were rotated so that the side to be profiled was parallel with the south to north direction before generating profiles (Figure 8 ) using the above-mentioned calculation approach.
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Discussion
Use of Data and Error Estimates
The six periods of DTM and orthoimage data used in this study were obtained from various aerial vehicles using multiple techniques such aerial photogrammetry and ALS. The generated data all had different errors that originated from their data generation methods and flight operations. Therefore, in a DTM application, the data acquisition procedure needs to be carefully determined once the data quality requirement is known. This is especially true for those flight parameters regarding the target area that would affect data resolution and errors, such as flying height, flying speed, flight direction, and overlapping strips. For terrain data produced using aerial photogrammetry, the elevation error is, generally speaking, about 0.2~1.3 m [37, 38] . In a normal processing approach with sufficient ground control points, errors are mostly determined by the value of GSD [38] . Elevation error of ALS, on the other hand, is about 0.15~0.3 m [24, 39, 47] . Under regular processing, errors tend to be impacted by slope angle, plant type, and vegetation density; though, 
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The six periods of DTM and orthoimage data used in this study were obtained from various aerial vehicles using multiple techniques such aerial photogrammetry and ALS. The generated data all had different errors that originated from their data generation methods and flight operations. Therefore, in a DTM application, the data acquisition procedure needs to be carefully determined once the data quality requirement is known. This is especially true for those flight parameters regarding the target area that would affect data resolution and errors, such as flying height, flying speed, flight direction, and overlapping strips. For terrain data produced using aerial photogrammetry, the elevation error is, generally speaking, about 0.2~1.3 m [37, 38] . In a normal processing approach with sufficient ground control points, errors are mostly determined by the value of GSD [38] . Elevation error of ALS, on the other hand, is about 0.15~0.3 m [24, 39, 47] . Under regular processing, errors tend to be impacted by slope angle, plant type, and vegetation density; though, generally, errors of bare flat areas would be superior to those of bare slope areas and errors of hardly vegetated areas would be superior to those of densely vegetated areas. For the six periods of DTM data generated in this work, with the difference between the elevation of set control points and calculated elevation, the statistical data errors were expressed in the form of RMSE. For the four periods of data generated using aerial photogrammetry, the errors of σ total ranged from 0.22 m to 0.40 m ( Table 3 ). The comparison with the image GSD values indicated that σ total error was 0.98~2.1 times that of GSD, which was in good agreement with similar previous studies [37, 38] . This suggested that the precision of generated DTM data in this work based on historical aerial images and UAV images using aerial photogrammetry was suitable for landslide analysis.
The method of estimating errors via ground control points could provide reference for applications. However, due to the facts that most landslide areas are often located in areas with high mountains and forests featuring rugged terrain and poor traffic accessibility, with only a limited number of image characteristic points, the representativeness of error assessment might be adversely influenced due to the lack of sufficient ground measurement points, leading to potential underestimation. There are reported studies in which aerotriangulation or aerial photogrammetry operations were conducted by using high-precision LiDAR DEM data as control points or a reference terrain surface [48] [49] [50] . With the six periods of DTM data generated using various techniques in this study, in order to avoid the impacts of insufficient ground control points on error estimation, the DEM data from 2011 were used as the reference elevation. Then the elevation difference between other data sets and the reference at the same image characteristic point could be calculated as σ 2011 DEM . The error range was 0.43~0.75 m (Table 4) , which was higher than σ total . This might be attributed to the fact that in such a densely vegetated area with rugged terrain, the originally measured errors from the ground control points tend to underestimate the elevation. Another possibility was that errors might get magnified when using the 2011 DEM data as reference due to the errors of the reference itself. However, it should be kept in mind that those identifiable spots in bare and flat areas can be selected as characteristic points and only minor errors will be produced when applying ALS in such areas. Moreover, it would be helpful to have a common terrain reference for comparisons between various data sets from different periods. Therefore, it is legitimate to choose at least one period of ALS DEM data as the benchmark for error assessment of multi-period DTM data. Similar concepts could also be applied to forest or mountainous areas with only a few or no control points. For example, after an earthquake or hurricane, when rapid and efficient DTM and orthoimage generation is required or subsequent post-disaster comparisons are needed, one period of ALS data can be used as a terrain reference to select ground control points as needed.
The basic idea of the multi-period DTM error estimation method employed in this paper was to calculate errors using known elevation check points and then to estimate errors between two successive periods using the error propagation equation. The advantage of this approach was that fairly accurate error values could be gained by comparing the known elevation inspection point data with the measured results. However, considering the fact that those identifiable and measurable points are mostly selected in flat, bare, and easily accessible areas, errors might be underestimated due to neglecting the practical slope terrain and vegetation. Moreover, in densely vegetated mountain areas, practical measurable control points are difficult to assign due to the impacts of plants and poor accessibility. An alternative DTM error estimation method is to calculate errors based on the undisturbed terrain areas [25] . The core of this method is to find the elevation differences of the undisturbed area and regard the average value and standard deviation of distribution of elevation difference as the average difference and error range of the two-period DEM, respectively. However, this assessment method tends to be affected by the selected undisturbed areas as the variant areas in mountains/forests might be included in calculations. Hence, one period of ALS data is utilized as the terrain reference for selecting ground control points. In addition to the advantages of the high resolution and precision of the DTM data obtained using ALS, this method can also solve the problem of insufficiency of elevation check points in areas with high mountains and forests due to measurement difficulties. The work by Podobnikar [51] also proposed the use of a known and high-quality DTM dataset as an important reference for combining different DTM datasets into a better DTM dataset. It applied more rigorous ideas of regionalization and parameter weighting to help improve the quality of the combined DTM data set. In our study, we similarly utilized one period of ALS data as a reference for error estimation but emphasized its convenience and cost-effectiveness for estimating landslide volume under users' demands. As shown in Table 3 , the estimated errors of various DTM data sets based on the reference of 2011 DEM do reflect the potential error range of the DEM data.
UAVs have been applied more and more widely in various applications. It has also became one of the common tools for landslide disaster research due to its advantages of low operating cost, high data processing speed, low flying height, convenient flying preparation, and the ease of generating orthoimage and DTM data. Error range evaluation associated with the generated image and DTM data also attracts attention in the research community. The results obtained from this work (Table 3) showed that the error range of DTM data obtained from UAV, which was not equipped with conventional aerial photogrammetry camera, was not significantly different from those of the other three DTM datasets obtained from aircraft equipped with conventional aerial photogrammetry cameras. It should be considered as the optimal choice for investigations over small areas due to its advantages of portability, low cost, and high data processing speed.
Due to the highly unpredictable nature of landslide incidents, few measured landslide volume values exist. It is common practice to evaluate slide volume by measuring the landslide area on the obtained image and then estimating the average depth [26] [27] [28] . However, the certainty of landslide depth is often difficult to evaluate due to the lack of terrain information before the disaster, which would affect the accuracy of landslide volume estimation. As a result, there also exist a number of studies where statistical/empirical equations, i.e., relations between area and volume derived by compiling a large quantity of landslide cases, were used to approximate the potential landslide volume based on a certain landslide area. Nevertheless, this type of method is also restricted by various factors such as area features, landslide type, slope morphology, and rock properties [28] .
With the utilization of multi-period DTM data in this work, the appearance of the entire landslide area, both before and after, the disaster could be clearly observed thanks to the terrain data obtained from the historical aerial photogrammetry images. The Meiyuan Shan landslide incident with a sliding area of about 0.55 km 2 was analyzed as an example in this paper. In 2008, the disaster produced 16 million m 3 of rock volume, 12 million m 3 of which was deposited in the landslide dam, and 4 million m 3 of which entered the mainstream of Beigang River. The volume changes could be clearly calculated. The use of high-resolution DTM data obtained from multi-period aerial photogrammetry, UAV aerial measurement, and ALS has been proven to be an efficient method to calculate landslide volumes. Specifically, small-area investigations can be implemented using UAV by taking advantage of its portability and speed, whereas large area investigations can employ aerial photogrammetry or ALS to obtain data. Additionally, ALS is also applicable for regional investigations since it possesses the best data precision.
Profile Comparison
Profiling is a commonly used method in terrain research, among which straight line profiling is the most straightforward, convenient, and rapid approach. As the section AA' shows in Figure 7 , the elevation values located on this straight line were selected to generate profiles. Although easy and fast, this approach would also pass non-target areas. Incorporation of unnecessary terrain into the profile would lead to abnormal or irregular terrain information, which might be misleading. Polyline profiling could extract necessary elevation points to generate profiles using a polyline, as the BB' section shows in Figure 8 . Compared with the AA' straight line profiling, this approach requires manual selection of polyline sections. Although selection of non-target area data can be mitigated, misleading abnormal, or irregular profiles are still not completely avoidable.
The method of swath profiling has been mostly employed in large-scale terrain applications, such as tectonic structures. However, it was adopted in this work to analyze a small scale slope. Rectangle and the irregular ranges, such as the Meiyuan Shan landslide and the river channel, were used for swath profiling with the minimum amount of horizontal rows. Shown in the top of Figure 8 is a profile based on rectangles, while the irregular shapes of the Meiyuan Shan landslide and the river channel are shown in the bottom of the figure. The major differences between these two were the surroundings of the original landslide on the left and the vicinity of the slope foot, with the rest of the selected elevation values remaining the same. As the profile was based on the minimum values of each row, it could reflect the real landslide situation through the DTM elevation change before and after the disaster, including obvious descent of the original area and clear ascent of the slope middle and the river channel. The trend of elevation change also demonstrated the variations of erosion of the collapse origin and deposition of the rock accumulation area with the profile position. There is a clear elevation change at around 1900 m in the bottom subfigure of Figure 8 , which should be the location between the landslide deposition toe and the river channel deposition. This change cannot be observed from the two profiles in Figure 7 . Multiple parallel straight line profiling had been previously utilized in landslide discussions [16, 52] . Instead, the swath profile method is able to express the landslide terrain using the maxima, minima, or average of each row, which is helpful in landslide interpretation and analysis.
Usually after a landslide event, the sliding sediments would not entirely propagate downstream at once. The remaining body in most cases would be moved downstream due to a subsequent heavy rainfall and, thus, the remaining rocks and the moving earthflow are threats to the downstream area. The ratio between the sediment volume flowing out of the landslide dam and the total sediment volume within the landslide dam can be defined as the sediment delivery rate [21, 53, 54] . This can represent degrees of erosion and sediment outflow in the water accumulation area and, thereby, provide references for hydraulic engineering or landslide disaster prevention planning. Since we were able to calculate five terrain variations from six DTM data sets, along with the fact that the data we have in this work covered an entire water accumulation area, sediment delivery rate calculations could be conducted. Thus, the sediment volume and the delivery rate of earthflow propagation from this area to the downstream main river channel (Beigang River) could be obtained.
Using the volume around the incident of the Meiyuan Shan landslide as a calculation benchmark, the delivery rates up to 2008, 2011, 2012 , and 2013 were 24.6%, 14.3%, 9.8%, and 4.2%, respectively, declining year by year. In fact, the heavy rainfall that occurred during these years also played a critical role. By looking into the total sediment volume generated after the landslide, there were more than six years during which 47.1% of the total volume remained within the landslide dam. This indicated that the sliding sediments would not entirely propagate downstream in a short period of time but, instead, the remaining bulk of these sediments would be moved downstream by subsequent heavy rainfall over time. Therefore, after a landslide, these sediments should be carefully monitored as potential post disaster hazards. Aerial photogrammetry and ALS can be continuously applied after the disaster subsequent to a massive landslide to gather terrain information around the landslide area in order to monitor the terrain changes of the downstream river channel and their potential impacts.
Conclusions
For the six periods of DTM data generated in this work, the error of ALS was about 0.15 m-0.18 m, the smallest among these DTM generation techniques. For the four periods of data generated using aerial photogrammetry (including UAV images), the errors of σ total ranged from 0.22 m to 0.40 m. The comparison with the image ground sample distance (GSD) values indicated that σ total error was 0.98-2.1 times that of GSD. This suggested that the precision of the DTM data generated in this work using different aircrafts and generation techniques is suitable for landslide analysis. Especially in mountainous and densely vegetated areas, data generated by ALS can be used as a benchmark to solve the problem of insufficient control points. The error range of DTM data obtained from UAVs was not significantly different from those of the other three DTM datasets obtained using the traditional aerial photogrammetry technique. This suggested that UAV aerial photogrammetry should be considered as the optimal choice for investigations over small areas due to its advantages of portability, low costs, and speedy data processing.
DTM data were compared in this study to calculate the sediment volume and terrain change before and after the landslide incident. The comparison between the traditional straight line profile and swath profile suggested that the swath profile method is able to express landslide terrain using the maxima, minima, or average of each row, which is helpful in landslide interpretation and analysis. Sediment delivery rate can be determined based on sediment volume change calculated by contrasting DTM data. It was shown that sediment delivery rate decreased each year and was affected by heavy rainfall during each period. Since the Meiyuan Shan landslide in 2007 to 2013, there were more than six years during which approximately half of the total sediment volume remained within the landslide dam. This indicated that the sliding sediments would not entirely propagate downstream in a short period of time. Therefore, after a landslide, these sediments should be carefully monitored as potential post disaster hazards. Aerial photogrammetry and ALS can be applied after the disaster as often as necessary to gather terrain information around the landslide area in order to monitor the terrain changes of the downstream river channel and their potential impacts subsequent to a massive landslide.
